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ABSTRACT
Cyanobacteria and Phytoplankton Responses to Nutrients in Deep-Water Montane Reservoirs
Madeleine Paige Malmfeldt
Department of Plant and Wildlife Sciences, BYU
Master of Science
Mountains play an important role in providing water resources from snow and ice to
downstream urban population centers. In Utah, USA, nearly 86% of the state’s population
resides in the rapidly growing urban corridor along the Wasatch Front. Water along the Wasatch
Front is stored in several deep reservoirs in the Provo River Watershed. Additions of nutrients,
into these reservoirs may stimulate the growth of primary producers (e.g., total phytoplankton
and cyanobacteria) potentially attenuating water quality. To determine the influence of nutrients
on primary producers in the Provo River’s reservoirs, identify whether cyanobacteria are
transported downstream, and quantify nutrient thresholds that regulate phytoplankton responses,
we monitored and experimentally manipulated total phytoplankton and cyanobacteria in rivers
and reservoirs. We found that total phytoplankton biomass (measured as chlorophyll a
concentrations) was correlated with the total phosphorus (TP) in the Jordanelle Reservoir and the
outflow from the Jordanelle Reservoir. Cyanobacteria biomass (measured as phycocyanin
concentration) was correlated with dissolved inorganic N (DIN):SRP in the Deer Creek
Reservoir and river sites below the Deer Creek Reservoir. Based on next generation sequencing
16S rDNA of all waters evaluated, the relative abundance of cyanobacteria within bacterial
communities was extremely low, with the highest relative abundance of cyanobacteria present in
the reservoirs being 10.7% for Deer Creek and 5.5% in Jordanelle during the late summer. Of the
25 genera of cyanobacteria that were found across all waters, five species have the ability to
produce cyanotoxin: Microcystaceae; Aphanizomenon MDT14a; Aphanizominon NIES81; and
Planktothrix NIVA-CYA. Season determined bacterial community composition in the river and
reservoir over the almost two years of sampling with bacterial communities being distinct
between the limnetic location in Deer Creek Reservoir to the outflow into the river immediately
below the dam. We found no difference between the bacterial communities in the limnetic zone
in Jordanelle and the river site directly below Jordanelle Dam. In the nutrient starvation
bioassays, cyanobacteria and total phytoplankton responded to the nutrient additions, but there
were no specific nutrient thresholds where pigment concentrations leveled out even as nutrient
concentration increased. However, when P was added as SRP treatments both total
phytoplankton and cyanobacteria concentrations increased, especially in the highest SRP
treatment (0.08 mg/L) without any N addition. The addition of N alone did not influence total
phytoplankton until there was at least 0.2 mg/L of P added. Further, cyanobacteria required at
least 0.2 mg/L of SRP before responding to N levels above 0.8 mg/L. Thus, a nutrient threshold
to maintain the reservoir at its current state would be 0.2 mg/L P and between 0.3 and 0.8 mg/L
DIN. Our results identify that the water within the reservoirs and rivers are extremely clean and
is in no immediate risk of extensive total phytoplankton or cyanobacterial blooms with P being
the dominant driver of primary producer activity.
Keywords: nutrient thresholds, eutrophication, cyanobacteria, phosphorus limitation
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INTRODUCTION
Globally, mountains play an important role in providing water resources from snow and ice
to downstream urban population centers (e.g., Buytaert & De Bièvre, 2012; Immerzeel et al.,
2010; Viviroli et al., 2007). A classic example of water along mountain to urban gradients exists
all along the Intermountain West, USA. From the Sierra Nevadas in the west to the Rocky
Mountains in the east, mountains generate much of the water utilized in arid to semi-arid urban
systems (Wise, 2012). Monitoring water stores and water quality within these stores is
increasingly important across the Intermountain West as urban areas are experiencing high rates
of population growth that will require water resources (Kotkin, 2013) and long-term droughts
(Cook et al., 2004) causing the mountains to be subjected to reduced snowpack that directly
influences water stores in reservoirs (Gillies et al., 2012; Luce et al., 2013; Scalzitti et al., 2016).
For example, in Utah, nearly 86% of the state’s population resides in the rapidly growing urban
corridor along the Wasatch Front (Hale et al., 2015), a population that is highly dependent upon
mountain water resources. Growing concerns are mounting if the current water supplies will be
adequate for increased water demand (Bardsley et al., 2013; Montgomery et al., 2007) and if
water quality, especially concerning harmful algal blooms, will be compromised. Within
mountain to urban gradients, agricultural pollution, waste water treatment, and urban sprawl
release nutrients into lakes and reservoirs (Bhaskar & Welty, 2012; Kaushal et al., 2014). Along
mountain to urban systems water is almost always stored in reservoirs to retain water during high
flows (i.e, spring run-off) and provide flood control. Water is stored in reservoirs for drinking
water, irrigation, and recreation (Utah Population 2021 (Demographics, Maps, Graphs), n.d.;
Jones et al., 2017). Additions of nutrients into these reservoirs may stimulate the growth of
primary producers. When the growth of primary producers become overabundant harmful algal
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blooms (HABs) of predominantly green algae and diatoms and/or cyanobacterial-dominated
HABs (cyanoHABs) can severely reduce the water quality. The reason for the distinction
between two HAB forms is due to cyanoHABs potentially producing potent secondary
metabolites called cyanotoxins (Paerl & Paul, 2012). Blooms and ultimately cyanotoxins may
threaten ecosystem health, economic prosperity by limiting tourism and fishing, and water
security (Paerl & Otten, 2013). Although health risks associated with cyanotoxin exposure to
aquatic and mammal life exists, humans may also be exposed to toxins through recreating in
impaired water bodies and using culinary water from untreated sources (Ferrão-Filho &
Kozlowsky-Suzuki, 2011).
Cyanobacterial abundance is primarily influenced by specific physiochemical water
conditions, most importantly phosphorus (P) and nitrogen (N) availability (Descy et al., 2016;
Elser et al., 2007; O’Neil et al., 2012). Both N and P are essential elemental nutrients for total
phytoplankton and cyanobacterial growth at the biochemical level. P availability is linked to
microbial metabolism, cell division, and protein syntheses, and N availability is essential to
synthesize proteins, DNA, and bacterial cell walls. The chemical form of nutrients (nitrate or
ammonium) and the ratio of dissolved inorganic N (i.e., DIN) to P (i.e., soluble reactive P)
influence the growth responses of primary producers in water (Frangópulos et al., 2004; Vrede et
al., 2009). For example, low nitrogen conditions favor the growth of N-fixing cyanobacteria such
as, Aphanizomenon spp. or Anabaena spp. (Bradburn et al., 2012; Home et al., 1979) both of
which are species with the capability of producing cyanotoxin. Further, since N and P interact on
a cellular level, HABs may be biochemically co-limited (Bracken et al., 2015). Another type of
co-limitation may exist at the community level. Communities of primary producers may be
stimulated by different nutrients (Arrigo, 2005). If the growth of N-fixing species is enhanced by
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P addition (Karl et al., 1997, Wu et al., 2000), and the growth of non-N-fixing species is
enhanced by N addition (Suzumura & Ingall, 2004) then an overall co-limitation will be
measured. The addition of limiting nutrients has the capacity to cross the response threshold
leading to an increase the growth of phytoplankton or cyanobacteria to the point of a regime shift
(Xu et al., 2015; Zeng et al., 2016). For example, Andersen et al (2019) found a significant
threshold relationship at 0.56 mg/L DIN and a marginally significant relationship at
0.005 mg SRP/L for the total phytoplankton (i.e., chlorophytes, cyanobacteria, and diatoms) in a
hypertrophic reservoir, Acton Lake, in southwestern Ohio, USA. Further, Xu et al (2015)
employed dilution bioassays to identify thresholds for TN (0.80 mg/L) and TP (<0.05 mg/L) to
limit the growth of Microcystis dominated blooms in a eutrophrophic shallow lake, Lake Taihu,
in China. Further, within the lake limnetic zone, as N:P ratios shifts from N limited to P limited
(above or below 16:1), total phytoplankton populations were dominated by diatoms and green
algae (Andersen et al., 2020), while shifts from P to N limitations will favor N-fixing
cyanobacteria (Howarth et al., 1988). To find nutrient threshold responses among cyanobacteria
and other phytoplankton, it is necessary to perform nutrient threshold studies on specific systems
as they may react differently depending on lake biology (Groffman et al., 2006).
Cyanobacterial biomass measurements (e.g., cell counts, biovolume or pigment
concentration) are generally used as a preliminary measurement to indicate the risk of exposure
to cyanotoxins, but cyanotoxin production is not necessarily tied to abundance (Ibelings et al.,
2014; Pacheco et al., 2016). For example, depending on the location and time of year, only 25 to
75% of cyanobacterial blooms contain toxins (Blaha et al., 2009). The concentration of nutrients
may also influence the toxicity of cyanobacteria that have the capacity to produce cyanotoxin. In
Sundusky Bay, Lake Erie a combination of DIN and SRP additions were correlated to an

3

increase in microcystin concentrations (MC) related Plankthorix dominated blooms (Davis et al.,
2015). Further, some cyanotoxins are more ephemeral and are readily decomposed by
chemoheterotrophic bacteria especially under high temperatures and in alkaline waters (Adamski
et al., 2016). Thus, monitoring cyanobacterial biomass and also toxins present is essential in
critical water sources. Surface waters in reservoirs are at the highest risk for cyanobacterial
blooms, due to the ability of cyanobacteria to regulate their buoyancy (Yao et al., 2017).
However, if lake water is released downstream from deeper within the water profile, the water
may be contaminated with a dying and sinking HAB and/or cyanotoxin released from dead and
lysing cells (Ingleton et al., 2008).
An example of a critical water source is the Provo River Watershed, which provides
drinking water 65% of Utah’s population (Drinking Water, n.d.). The Provo River originates
high in the Uinta Mountains in Summit County, with the upper Provo River flowing through
relatively remote mountains and forest before being stored in Jordanelle Reservoir. Much of the
middle Provo River reaches between Jordanelle and another reservoir, Deer Creek and flows
through the mid-elevation Heber Valley, which is currently transitioning from agriculture to exurban land use with rapid population growth (46% in the last decade). From Deer Creek, the
Provo River flows down Provo Canyon, is diverted in the Olmstead Diversion for a short period
of time, and ultimately discharges to Utah Lake after flowing through the city of Provo. A USGS
gage before the river enters Jordanelle Reservoir (the upstream reservoir) (USGS 10155000
Provo River near Hailstone, UT) records an average daily discharge (1950-2015) of 274 cfs from
a catchment area of approximately 596 km2, and a gage in the Heber Valley (USGS 10155500
Provo River near Charleston, UT) records an average daily discharge (1992-2015) of 255 cfs
from a catchment area of approximately 930 km2 (USGS, 2016). To accurately understand the
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movement of cyanobacteria through the Provo, diversions, reservoirs, and the river need to be
monitored. The retention of water in a deep reservoir influences aspects of the water
characteristics as downstream from the reservoir, because of this and the urban and agricultural
land along the middle Provo river the water experiences spatial variations (Jones et al., 2017;
Stanford & Ward, 2001). In 1974 the Deer Creek reservoir was identified as being a eutrophic
reservoir that experienced cyanobacterial blooms, through vast remediation efforts that focused
on limiting the levels of TP in the reservoir by 2002 it was classified as mesotrophic
(Deer_creek_tmdl_2002.Pdf, n.d.). Though neither the reservoirs or the Provo River is currently
experiencing eutrophication or cyanoHABS, their nature as critical water sources make it vital to
understand the shifts in bacterial community dynamics as well in response to spatial and
temporal stimuli in addition to changes in nutrient concentration.
To determine the influence of nutrients on cyanobacteria and algae in the Provo River’s
reservoirs, identify whether cyanobacteria are transported downstream, and quantify nutrient
thresholds that regulate phytoplankton responses, we monitored and experimentally manipulated
primary producers in rivers and reservoirs. Specifically, through bi-monthly monitoring over
almost two years and nutrient starvation bioassays, we identified relationships among nutrient,
water chemistry, and cyanobacteria, bacteria, and total phytoplankton in Deer Creek Reservoir,
Jordanelle Reservoir, and Olmstead Diversion and in the Provo River immediate below the
reservoirs. We further evaluated interactions between cyanobacterial species and the potential for
the species to produce cyanotoxins. There is no evidence to suggest harmful levels of
cyanobacteria have ever existed in the Provo River, but because of the critical nature of the river
as a drinking water source, we want to closely monitor trends in cyanobacteria (which
historically are extremely low). For our purposes, we defined total phytoplankton as all
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prokaryotic or eukaryotic organism containing chlorophyll a (e.g., chlorophytes, diatoms, and
cyanobacteria). Cyanobacteria determinations are a subset of total phytoplankton but are
evaluated separately due to the importance of these species in HAB processes such as N2 fixation
and cyanotoxin production. We hypothesized that cyanobacterial and bacterial communities
present in the reservoir will be different due to the outflows of the reservoirs being deeper within
the water column away from the limnetic surfaces utilized by cyanobacteria and in potentially
oxygen depleted environments. In our nutrient starvation bioassay, we hypothesized that
cyanobacteria instead of total phytoplankton will respond to the P more than N additions and that
the presence of N-fixing cyanobacteria will only intensify P limitations.

MATERIALS AND METHODS
Sampling Location
We sampled nine locations along the Wasatch Front in Utah, USA along the middle and
lower reaches of the Provo river and in the associated reservoirs (Deer Creek and Jordanelle, Fig.
1). These reservoirs are managed by the Central Utah Water Conservancy District (CUWCD).
The locations were selected to represent critical locations for water security in central Utah, due
to their proximity to where the water is removed from the river to be treated as drinking water.
In the Jordanelle Reservoir we sampled three locations: Jordanelle Above Dam (40.600376, 111.417273), Jordanelle Provo Arm (40.603760, -111.384290), and Jordanelle north end
(40.632175, -111.414923). We also sampled three sites within Deer Creek Reservoir: Deer Creek
above dam (40.410569, -111.521958), Deer Creek midlake (40.4381984, -111.4985214), and
Deer Creek upper end (40.4655435, -111.485037). Both deep reservoirs are classified as
mesotrophic waterbodies. The three river sites were positioned along the Provo River often
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immediately below the dam associated with the reservoirs: Provo River below Jordanelle
(40.594305, -111.427362), Provo River below Deer Creek (40.402283, -111.529958), and Provo
River at Olmstead (40.348335, -111.589383). Two of the reservoir sites were used for the
nutrient threshold bioassay. The Deer Creek Reservoir upper end site was chosen due to the site
historically containing higher cell densities of cyanobacteria. In the Jordanelle, we used the water
from the Provo Arm, which is the site closest to the inflow of the Provo River into the Jordanelle
reservoir.
Bimonthly Cyanobacterial Monitoring
We collected surface samples from each reservoir site to determine a baseline of nutrient
concentration, and cyanobacterial (i.e., phycocyanin concentrations) and total phytoplankton
(i.e., chlorophyll a) biomass. We collected samples in the reservoirs May – November, which
represent months of peak cyanobacterial growth and when the reservoirs are ice-free. To collect
bacterial biomass, we filtered in the field with 0.2 μm pore size filters (Supor PES membrane,
Pall Life Sciences, Port Washington, NY,USA) in Nalgene Filter cups (E. F. Jones et al., 2020).
The filters were stored immediately on dry ice until they were moved to a -80°C freezer where
they were stored until nucleic acid extraction (described below). Additional water samples were
placed on ice and returned to the lab within 4 hours and filtered for pigment and nutrient
analyses. For phycocyanin and chlorophyll a analysis, 1-2 L of water was filtered onto GF/F
glass fiber filters (Glass Microfiber Filters, GE Healthcare Life Sciences Whatman, Pittsburgh,
PA 15264-3065, USA), and extracted as described below. Filtrate from the GF/F filters, along
with unfiltered water was frozen at -20°C for nutrient analysis (described below).
Similar to the background sampling on the reservoirs, we collected stream samples below
each reservoir and further downstream (PR at Olmstead). To determine the relative abundance of
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cyanobacteria and species present in the river we collected two 1-L samples at each of the river
sites during months with peak cyanobacterial growth (April-November). The water samples
were transported to the lab within 3-hours and immediately filtered to remove bacterial biomass
using 0.2 μm pore size filters (Supor PES membrane, Pall Life Sciences, Port Washington,
NY,USA) in Nalgene Filter cups. The filters were then stored at -80°C until DNA extraction. In
addition to the samples collected for DNA extraction, 4-L of water was collected to be analyzed
for pigment and nutrient analysis. The water was collected and stored on ice until it was filtered
to clogging onto GF/F glass fiber filters (Glass Microfiber Filters, GE Healthcare Life Sciences
Whatman, Pittsburgh, PA 15264-3065, USA). Filtered and unfiltered water was stored at -20°C
for nutrient analysis. To determine nutrient concentration and environmental condition trends
over time, we performed one-way repeated measures ANOVAs with a Tukey’s HSD test in R.
Nutrient Starvation Bioassay
After we used the monitoring data to establish a baseline for phytoplankton biomass and
nutrient concentration, we performed two nutrient starvation bioassays to establish the nutrient
thresholds for algal blooms. The two assays focused on N and P concentration without
colimitation, by adding background N or P. We conducted the bioassays with water collected
from the top 20 cm from the sample locations. We homogenized the water in 208-L drums
before being split into the treatments. Grazers were removed before incubation using a
Wisconsin net (153 µm mesh size) to alleviate any grazing that could curb photosynthetic
growth. N starvation was induced by adding 0.2 mg/L P-K2PO4 to a 4-L Cubitainer and P
starvation was induced by adding 2 mg/L N-KNO3 to a 4-L Cubitainer. There were 5 levels of
nutrients for each assay in addition to 3 controls (Table 1.). Each treatment was replicated three
times. These nutrients were determined by the historic concentrations found in the Jordanelle and
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Deer Creek Reservoirs since 2010 (as communicated with us from the CUWCD). The lowest
concentration we added is approximately what the historic levels of phosphorus and nitrogen are
for this time of year. We also added NaHCO3 (295.7 mg C-NaHCO3/L) to alleviate any potential
carbon (C) limitations in photosynthesis. Carbon was added at the rate required for 100 ug/L of
chlorophyll a. We conducted the bioassay experiments July 6th through July 15th, 2020 in Deer
Creek, and July 27th through August 5th, 2020 in Jordanelle. To ensure that the growth came
primarily from our nutrient additions we made sure to conduct the bioassays before the reservoirs
were at their peak biomass for the summer. We allowed the Cubitainers to incubate for 5-days or
10-days at the surface of the water near the docks of the respective reservoirs. The Cubitainers
were incubated in floating corrals (diameter 1.5m) and covered with a shade cloth to reduce
incoming solar radiation ~ 30% to prevent solar inhibition.
Starvation Bioassay Lake Chemistry and Nutrient Analyses
We measured a wide range of environmental conditions to identify which parameters
correlated with shifts in cyanobacteria and total phytoplankton biomass. We measured water
temperature, pH, electrical conductivity, barometric pressure, dissolved oxygen (DO), total
dissolved solids, salinity, chlorophyll a, total algae, and dissolved organic matter in-situ using a
multiparameter sensor YSI EXO 2 sonde (Yellow Springs Instrumentation, Yellow Springs,
Ohio) for each treatment at the time of harvest. Within 2-hours of removing the samples from the
incubation, they were split and filtered for molecular and nutrient analyses. Specifically, the
four-liters of incubated water from the Cubitainer were split in the following ways. The first
250mL were filtered to remove bacterial biomass using 0.2 μm pore size filters (Supor PES
membrane, Pall Life Sciences, Port Washington, NY, USA) in Nalgene Filter cups, and the
filters were stored immediately on dry ice until they could be moved to a -80°C freezer.
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Duplicates were filtered for a total of two filters per treatment. Chlorophyll a concentrations
were evaluated by filtering 400 mL of incubated water on a GF/F glass fiber filter (Glass
Microfiber Filters, GE Healthcare Life Sciences Whatman, Pittsburgh, PA 15264-3065, USA),
extracted in 95% ethanol, and frozen at -20°C until analysis. We then analyzed the chlorophyll a
concentration on a microplate spectrophotometer (Spectramax Plus, Molecular Devices, LLC,
San Jose CA, USA) at absorbance 665 and 750 nm. Phycocyanin was also filtered on GF/F glass
fiber filter (Glass Microfiber Filters, GE Healthcare Life Sciences Whatman, Pittsburgh, PA,
USA) and extracted with a 0.05 M phosphate buffer and read on a microplate spectrophotometer
(Spectramax Plus, Molecular Devices, LLC, San Jose CA, USA) at absorbance 615 and 652 nm
(Horvath et al., 2013, Kasinak et al., 2014). To determine the nutrient and environmental
conditions that influenced the concentration of chlorophyll a and phycocyanin we performed a
reverse selection linear modeling in R, using the lm() command in the package (MuMIn).
Further, 800 mL of sample was filtered on ashed 934-AH glass fiber filters filter (Glass
Microfiber Filters, GE Healthcare Life Sciences Whatman, Pittsburgh, PA 15264-3065, USA) to
analyze total suspended solids and volatile suspended solids. We performed one-way ANOVAs
with a Tukey’s HSD test in R to determine differences in pigment concentration between the
separate nutrient concentrations. The remainder of the sample was split between unfiltered water
for the analysis of total phosphorus (TP) and total nitrogen (TN) and filtered water, filtered
through the GF/F filters for the analysis of soluble reactive phosphorous (SRP), nitrate (NO3-)
and ammonium (NH4+). We analyzed TP concentration with nitric acid digestion in a microwave
digester (Product information) followed by determination on a Thermo Scientific ICP-OES
spectrometer (iCAP 7400, Thermo Electron, Madison, WI, USA). We quantified soluble reactive
phosphorus (SRP) with the ascorbic acid method ("4500-P PHOSPHORUS (2017)", Standard
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Methods For the Examination of Water and Wastewater DOI: 10.2105/SMWW.2882.093). The
three forms of N that were analyzed were ammonium (NH4+), nitrate (NO3- ), and total nitrogen
(TN). We analyzed Ammonium-N and Nitrate-N using a flow injection analysis on a rapid flow
analyzer (Quick Chem 8500, Lachat Instruments, Loveland, Colorado, USA). Nitrate-N
concentrations were determined using the cadmium reduction method, and the Ammonium-N
concentrations were determined using the sodium salicylate-sodium nitroprusside method. TN
was analyzed by digesting organic forms of N into NO3- using a potassium persulfate digestion
followed by analysis with a flow injection analysis on a rapid flow analyzer (Quick Chem 8500,
Lachat Instruments, Loveland, Colorado, USA). We used a field-deployable spectrophotometer
(S::CAN Products, Aaxis Nano Technologies Pvt. Ldt., Messtechnik, Austria) to analyze NO3-,
turbidity, total organic carbon (TOC), and dissolved organic carbon (DOC).
Cyanobacteria and Bacterial Community Determinations
We extracted lake genomic DNA from the 0.2 μm filters using a phenol-chloroform
extraction with a proteinase K, lysozyme, and mechanical shearing step. The nucleic acids were
precipitated overnight at 4°C in a 30% wt/vol PEG-6000 NaCl solution and the DNA pellet was
resuspended in 50µL of 10mMol Tris pH 7. The concentration and purity were quantified on a
NanoDrop One Microvolume UV-Vis Spectrophotometer with Wi-Fi (Thermo Fisher Scientific,
Waltham, MA USA). Extracted DNA was given to Utah State University Center for Integrated
Biosystems, where it was PCR amplified and sequenced using MiSeq. Bacterial community
differences were evaluated with a PERMANOVA in R with weighted unifrac distance using the
packages microbiome, phyloseq, qiime2R, and DESeq2.
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Cyanobacteria and Bacterial Sequencing and Processing
The downstream analyses of the sequences were performed on the QIIME 2 2021.2
(Bolyen et al., 2019) bioinformatic pipeline. The demultiplexed samples were denoised using
DADA2 (Callahan et al., 2016) via the q2-dada2 plugin. A phylogeny was constructed with
fasttree2 (Price et al., 2010) (via q2‐phylogeny) using aligned amplicon sequence variants
(ASVs) that were aligned with mafft (Katoh & Standley, 2013)(via q2‐alignment). The samples
were rarefied (subsampled without replacement) to 5220 sequences per sample. The Jordanelle
and Deer Creek Reservoirs were analyzed separately and filtered using the metadata based
filtering (McDonald et al., 2012)(via q2-feature-table). Jordanelle was rarefied to 5220 sequences
per sample and Deer Creek was rarefied to 8158 sequences per sample. Cyanobacteria species
were analyzed by using taxonomy based filtering (McDonald et al., 2012)(via q2-feature-table)
for the phylum Cyanobacteria. The samples filtered for cyanobacteria were rarefied to 67
sequences per sample. Alpha-diversity metrics (observed features, Faith’s Phylogenetic Diversity
(Faith, 1992), Shannon’s Entropy (Shannon, 1948), and Pielou’s Evenness (Pielou, 1966)), beta
diversity metrics (weighted UniFrac (C. A. Lozupone et al., 2007), unweighted UniFrac(C.
Lozupone & Knight, 2005)), and Principle Coordinate Analysis (PCoA) were estimated using
q2‐diversity. Taxonomy was assigned to ASVs using the q2‐feature‐classifier (Bokulich et al.,
2018) classify‐sklearn naïve Bayes taxonomy classifier against the Silva 138 99% OTUs
reference sequences (McDonald et al., 2012). The differential abundance was determined using
ANCOM (Mandal et al. 2015) (via q2-composition).
Toxin Identification
We PCR-amplified the 16S region as well as the genes responsible for toxin production
in Cyanobacteria. The PCR amplification was carried out using PerfeCT a qPCR Tough Mix
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(Thermo Scientific, United States) reaction mixtures supplemented with 0.6 µL of each primer
(10 nmol), 0.25µL probe, and 2 µL DNA (initial concentrations 10 –87 ng/µL) for the total
volume of 20 µL. The amplification program was as follows: initial DNA denaturing for 5 min at
95°C; 40 amplification cycles of 5 s at 95°C and 60 s at 55°C. We amplified the genes for
microcystin (mcyEmc, mcyEab, mcyEos), anatoxin a (anaC), saxitoxin (sxtA), and
cylindrospermopsin (cyrA). See Table 2. for primers and probes used for amplification.

RESULTS
Cyanobacteria in bimonthly monitored waters
Overall cyanobacterial abundance was low within all waters and the richness or number
of cyanobacteria taxa present in waters was highest in Deer Creek Reservoir and lower in
Jordanelle Reservoir and Jordanelle outflow. Based on sequencing from water across the sites,
the relative abundance of cyanobacteria was very low, with the highest relative abundance of
cyanobacteria in any of the sites being 10.7% of the bacterial community. The highest relative
abundance of cyanobacteria was found in the Deer Creek Reservoir upper end. There was a total
of 22 genera of cyanobacteria across the six reservoir and three river sites. The three sites on the
Jordanelle reservoir only had two genera of cyanobacteria, Cyanobium and Aphanizomenon, and
of those, only Cyanobium was also found in the Provo River just below the dam of the
Jordanelle. Of the genera of cyanobacteria that were found throughout all of the sites, five
species have the ability to produce cyanotoxin: Microcystaceae; Aphanizomenon_MDT14a;
Aphanizominon_NIES81; and Planktothrix_NIVA-CYA (Fig. 2). Based on microscopy there was
no cyanobacteria present in the river sites below the reservoirs. In the river sites there were
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predominantly diatoms. The most common diatoms counted in the rivers were Tabellaria
Fenestrata, Stephanodiscus Niagarae, Pennate diatoms and Centric diatoms.
Bacterial communities in bimonthly monitored waters
Season determined bacterial community composition over the almost two years of
sampling. Based on the PCoA, the bacterial communities in the reservoir and water flowing from
the reservoir were influenced predominantly by season with season separating bacterial
communities along axis 1, which explained 23.25% of the variation (Fig. 3). The PERMANOVA
verified the separation by season (season, PERMANOVA, F = 2.7, P = 0.001, R2 = 0.07, df = 2)
(Table 3.).
To address bacterial community differences between the specific reservoirs and outflows,
communities were also compared within Deer Creek Reservoir and outflow river sites (i.e., Deer
Creek Reservoir sites, the river site just below the Deer Creek Dam, and the Olmstead diversion),
and Jordanelle and outflows (i.e., Jordanelle Reservoir sites, the river site just below the
Jordanelle Dam). When separated, the bacterial communities in Deer Creek Reservoir and river
locations were different and accounted for 8% of the variation along axis 1 with a
PERMANOVA verifying the trend (P = 0.001, R2 = 0.09, df = 1). In Jordanelle, there was no
difference between the bacterial communities flowing from the reservoir to the river based on the
ordination of the weighted unifrac distance between the reservoir sites and the outflows, (type,
PERMANOVA, P = 0.89, R2 = 0.01, df = 1). The season of the sampling explained 16.9 % of the
variation in Jordanelle. See Table 4. for the complete PERMANOVA results and Figure 4 for the
ordination plots.
Only one genus, Cyanobium, was found to be differentially abundant between the Deer
Creek reservoir sites and the river sites (Fig. 5). There was greater abundance of features of
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Cyanobium in the reservoir sites, versus the river sites below. There were two taxa that were
differentially abundant at the genus level between the Jordanelle Reservoir and the Provo River
below Jordanelle site (Fig. 6). There was a greater abundance of features of the family
Gallionellaceae in the river than the reservoir, and there was a greater abundance of the genus
Candidatu Planktoluna in the reservoir versus the river.
Total phytoplankton and cyanobacterial pigments during monitoring
The concentration of total phytoplankton, measured as chlorophyll a, differed by season
in Deer Creek, but not Jordanelle. In Jordanelle, the concentration of chlorophyll a varied from
0.005 µg/L to 39 µg/L. There were no differences in chlorophyll a concentration among the
Jordanelle Reservoir and river site (repeated measures ANOVA, F = 0.76, P = 0.66, df = 9). In
Deer Creek, chlorophyll a concentration varied by the reservoir or river site sampled and through
time. Through all seasons chlorophyll a ranged from 0.005 µg/L to 116 µg/L. Deer Creek Above
Dam (the site just above the dam in the Deer Creek Reservoir) had higher concentrations than the
Deer Creek midlake site and both of the river sites downstream of Deer Creek (repeated
measures ANOVA, F = 13, P = 6.21e-05, df = 4,). Further in Deer Creek, chlorophyll a
concentrations were higher in early winter (January) than in the rest of the months except for
early spring (March and April). Chlorophyll a was lower in early summer (June) than in early
spring (March, April) and mid fall (November). The concentrations were also higher in
November compared to late summer to early fall (August and September) (Table 5).
Phycocyanin did not vary through time or by site for either location (Table 6).
Chlorophyll a concentration in the Jordanelle Reservoir was explained by the
concentration of TP, while the phycocyanin concentration in Jordanelle was explained by DOC
and in Deer Creek by the ratio of DIN:SRP. The relationships were characterized using all
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monitoring physiochemical determinations and pigment concentrations. The linear model that
best explained the variation in chlorophyll a concentration in the Jordanelle Reservoir was:

Jordanelle Reservoir and rivers chlorophyll a ~ (71.18) TP + 1.43 (Equation 1)

There is a positive relationship between the chlorophyll a concentration in Jordanelle and
the concentration of TP that explained 66% of the variation chlorophyll a (P = 4.81e-10,
Estimate = 71, adjusted R2 = 0.66). TP in Jordanelle did not change substantially by season. In
Deer Creek, the phycocyanin concentration was robustly related to the ratio of DIN:SRP (P = 0.
4.91e-14, Estimate = 4.036e-05, adjusted R2 = 0.90).

Deer Creek Reservoir and rivers Phycocyanin ~ (4.036e-05) DIN:SRP + 2.247e-04 (Equation 2)

The DIN:SRP was different throughout the year and was highest during the early summer
(May and June) as compared to the fall (September, October, and November) (F = 5.1, P <
0.0001, df = 10). The phycocyanin in Jordanelle (Equation 3.) was best explained by the increase
of dissolved organic carbon (P = 0.007, Estimate = 0.002, adjusted R2 = 0.17).

Deer Creek Reservoir and rivers Phycocyanin ~ (0.002462) DOC -0.005996 (Equation 3)

The DOC was higher during summer (June and July) than the rest of the year, with the
exception of early winter (January and December) (F = 7.4, P = 1.7e-05, df = 11). See Fig. 7-11
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for complete nutrient and physiochemical seasonal variation and Table 7 for repeated measures
ANOVA for all nutrient parameters.
The only toxin we found genes for was microcystin. The gene abundance ranged from 2 9.29*105 gene copies. There were only detectable microcystin gene copies 32.2 % of the time
sampled. The microcystin gene abundance changed based on site and month (repeated measures
ANOVA Site, F = 614721, P = 1.63e-06, df = 6). There was a difference in gene abundance in
every site except for Deer Creek above dam and Deer Creek midlake and every month except
June and July.
Nutrient Responses based on the Starvation Bioassay
Cyanobacteria and total phytoplankton responded to the nutrient additions, especially
after 10 days of incubation, but there were no specific nutrient thresholds where pigment
concentrations leveled out even as nutrient concentration increased. In both the N addition and P
addition treatments, total phytoplankton measured as chlorophyll a and cyanobacteria measured
as phycocyanin was consistently higher in Deer Creek Reservoir than Jordanelle Reservoir.
During our N treatments in Deer Creek, there was the greatest growth response in our highest N
treatment that accounted for P colimitation (1 mg/L N, 0.2 mg/L P). Treatments with 0.3 mg/L N
through 1mg/L N experienced a chlorophyll a an increase in concentration. There was higher
absolute concentration of chlorophyll a in the P treatment compared to the N treatment in Deer
Creek, however only the highest treatment of P (0.08 mg/L P, 0 mg/L N) experienced increase in
concentration of chlorophyll a (P = 0.026). The absolute chlorophyll a biomass in Jordanelle was
half as much as the responses in Deer Creek. Only the 0.8 mg/L N, 0.2 mg/L P N treatment in
Jordanelle was experienced an increase in chlorophyll a concentration (P value = 0.04). The P
treatments in Jordanelle yielded marginal increase in concentration of chlorophyll a in the
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highest P treatment without N (0.08 mg/L P, 0 mg N) (P = 0.09). That same treatment was also
marginally higher than the treatment with only background N (0 mg/L P, 2 mg/L N) (P = 0.090)
(Fig. 12).
In Deer Creek only the N treatment yielded any phycocyanin concentration responses (P
= .001). The treatments with 0.5 mg/L N, 0.8 mg/L N, and 1 mg/L N all experienced increased
concentration. The 0.8 mg/L N and the 1 mg/L N treatment were also higher than the treatment
that did not consider the colimitation of phosphorus. Likewise, in Jordanelle only the N
experiment had any treatments that experienced an increase in the concentration of phycocyanin
(0.8 mg/L N, 0.2 mg/L P). The same treatment was also higher than the treatment that did not
consider the colimitation of phosphorus (P = 0.03)(Fig. 13).
The relationship between TP and SRP is different between the Deer Creek and Jordanelle
Reservoirs. TP can be calculated from SRP in both reservoirs using the following equations.
Jordanelle Reservoir TP ~ 1.248658 SRP + 0.014060 (Equation 4)
Deer Creek Reservoir TP ~ 3.239021 (SRP) + 0.004394 (Equation 5)
Over the past ten years (May 2010-September 2019) SRP and TP in the Deer Creek and
Jordanelle reservoirs stayed below .2 mg/L of P as SRP and .26 mg/L of P as TP. There were
only eight times from either reservoir in that 10 year span where SRP was above .2 mg/L and
there were no instances in either reservoir where TP was above .26 mg/L (Fig. 14).
Cyanobacterial and Bacterial Responses based on the Starvation Bioassay
The bacterial communities from the starvation bioassays were driven by the
location water originated in and the incubation time, the additions of N and P had no effect on
the weighted unifrac distance (Table 8.) (Fig. 15).
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In the Jordanelle Provo Arm the nutrient treatments still did not explain a
significant amount of the variation (P = .54, R2 = 0.21), while the incubation time explained a
greater portion of the variation (P = 0.001, R2 = 0.15). The same pattern is followed in the Deer
Creek Reservoir Upper End. The treatments did not explain the variation (P = 0.62, R2 =0.15)
and the incubation time explained a greater amount of the variation (P = 0.001, R2 =0.35).
In the Deer Creek Reservoir there were 10 ASVs that were differentially abundant at the
genus level between the 5- and 10-day incubation times. Two of the ASVs were cyanobacteria.
The first, Psuedoanabaena, had a greater abundance of features after the 5-day incubation. The
other cyanobacteria species could only be classified to the family level, Cyanobiaceae, and had a
higher abundance of features after the 10-day incubation. (Fig. 16) In the Jordanelle Reservoir
there were four ASVs that were differentially abundant between the 5-day and the 10-day
incubation, none of which were species of cyanobacteria (Fig. 17).

DISCUSSION
Changing Bacterial Communities from Reservoir to River
Our hypothesis predicting that bacterial communities will differ between the reservoir
and river sites below the reservoirs was true for Deer Creek Reservoir, but not the Jordanelle
Reservoir. In Deer Creek Reservoir, the water is released from the reservoir 28 meters below the
limnetic zone of the lake and passes through a hydroelectric power plant that may heat the water
slightly. The reservoir outlet has a capacity to discharge 1500 cfs (Deer Creek Dam, n.d.) of deep
lake water. The potential shear forces of the bacteria passing through turbines and the series of
maintenance may also influence bacterial communities. A shift in bacterial communities from
the reservoir to river was apparent in other large reservoirs with and without hydroelectric power
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plants. (Ingleton et al., 2008; Yang et al., 2019). The determining factors structuring community
response seems to be depth of the water removal and the mean residence time of the water within
the reservoir. The water depth structures differences in light availability and temperature and the
time necessary for the limnetic phytoplankton and bacterioplankton to redistribute themselves in
the water column (Ingleton et al., 2008; Su et al., 2019). Another potential explanation to the
difference in bacterial communities below the Deer Creek Dam is the presence of biofilms in the
outlet piping that have the potential to shift communities in other artificial waterway systems
(Fisher et al., 2015). Of particular importance in the communities were the cyanobacterial
species that potentially migrated from the reservoir to the river. We observed a greater
abundance of the cyanobacteria Cyanobium spp. in the reservoir compared to the site directly
below the dam and the site at the Olmstead diversion. Cyanobium is a genus of
picocyanobacteria that does not have the capacity to release cyanotoxins. Though unicellular,
Cyanobium may potentially represent large portions of a cyanobacterial community in
freshwater. In lake Chahu, China in the early spring 70% of the cyanobacteria belonged to the
genus Cyanobium (Cai & Kong, 2013). The difference between the microscopy and the sequence
data in the rivers is likely due to the presence of cyanobacterial DNA from the reservoirs that did
not come from living cyanobacteria in the rivers.
While there wasn’t an overall difference in community composition between the
Jordanelle reservoir and the Provo River Below Jordanelle Dam site, there was an increase in the
relative abundance of Gallionellaceae (Betaproteobacteria) between the reservoir and the river.
Species in the Gallionellaceae family are ferrous iron oxidizers. These species are abundant in
anaerobic water containing ferrous iron (Hallbeck & Pedersen, 2014), such as water from old
ground water (Ben Maamar et al., 2015). The water coming from the outflows of the Jordanelle
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Reservoir are taken from multiple depths the ferrous iron reduced in the hypolimnion in the deep
reservoir provides a metabolic pathway for Gallionellaceae in the river directly downstream from
the reservoir. It is also possible that the reservoir is partially fed by ground water sources that
have Gallionellaceae or that the river is fed by groundwater sources. This family of bacteria may
also perform iron assisted denitrification (Huang et al., n.d.; Tian et al., 2020). However, it is not
likely that this is happening at significant rates, as the concentration of NO3- is not lower below
the Jordanelle Dam than at the other sites.
Nutrient Characteristics Influencing Total Phytoplankton and Cyanobacteria in Reservoirs
Only nutrient conditions out of the twenty-five physiochemical parameters measured
influenced total phytoplankton measured as chlorophyll a and cyanobacteria measured as
phycocyanin. For example, TP concentrations in Jordanelle explained 66% of the shifts in total
phytoplankton. In Korea, Mamun et al., 2020 found in that in sixty reservoirs of varying in size
from medium to large used for agriculture and power generation that total phytoplankton and
chlorophyll a concentrations was predominantly regulated by TP concentration. The nutrient
condition that best explained cyanobacterial biomass (i.e., phycocyanin concentrations) in
Jordanelle was the concentration of DOC however this metric only explained 16% of the
variation. In most studies the relation of DOC with cyanobacteria is attributed to the contribution
that the cyanobacteria makes to the concentration of DOC (Ye et al., 2011, 2015). However,
there are studied associations between the proportion of BDOC and aquatic bacterial diversity
with influence on key species (Zhou et al., 2021). We did not differentiate between
biodegradable DOC within the DOC, but this may have influenced the correlation between the
DOC concentration and phycocyanin concentration in Jordanelle. Also, some cyanobacteria are
also photoheterotrophs and may consume low molecular weight C sources that are possibly
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present in DOC. Further research to observe this correlation between the fraction of BDOC and
DOC should be done to better understand their relationship. Furthering this research will help
gain insight into how wildfires and other anthropogenic events could play a unique role in
speciation of bacteria in and below reservoirs. Frequently higher temperatures give cyanobacteria
more of a competitive advantage over algae, however since temperature did not explain
phycocyanin concentrations in either the Deer Creek or the Jordanelle locations we cannot make
those same claims. Last, the phycocyanin concentration in Deer Creek was robustly and
positively correlated with the DIN:SRP concentration. The Redfield Ratio, N:P 16:1, is
frequently used as a benchmark for the optimal concentration of N to P for the growth of
phytoplankton (REDFIELD, 1958). At all of our sites the DIN:SRP ratios were well below 16:1
with the ratio being highest in the early summer months (May and June). DIN:SRP below 16:1
imply that in the late spring and early summer Deer Creek becomes less N limited allowing from
a potential higher biomass response of cyanobacteria. A shift in nutrient limitations with season
is a current trend in multiple other deep lakes and reservoirs that experience nutrient turnover
with seasonal temperatures and lake mixing (Andersen et al., 2020).
Nutrient Response Thresholds and Nutrient Limitations
Even at our highest nutrient additions we were not able reach a threshold where rising
nutrient concentrations reached a response plateau for total phytoplankton and cyanobacteria.
Because of this we were not able to calculate a nutrient threshold that would lead to
eutrophication. It is plausible that since there was such a low abundance of phytoplankton to
begin with it may take longer than a 10-day incubation to see substantial phytoplankton and
cyanobacterial responses. However, our hypothesis was partially validated. We hypothesized that
cyanobacteria instead of total phytoplankton will respond to the P more than N additions and that
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the presence of N-fixing cyanobacteria will only intensify P limitations. We definitely found that
phytoplankton and cyanobacteria biomass was limited by the SRP availability. In our DIN
treatments there was no discernable increase in chlorophyll a and phycocyanin concentration
until we added the background SRP (0.2mg/L P). But on the SRP treatments we measured, the
highest change in both pigment concentrations, assumed as a growth response, was in the highest
SRP treatment (0.08 mg/L P) without any N addition. Despite not being able to calculate a
nutrient threshold before eutrophication, we are able to identify concentrations of added nutrients
that induced phytoplankton and cyanobacteria responses after the 10-day incubation. Adding
DIN did not influence total phytoplankton until there was at least 0.2 mg/L of P added.
Additionally, once there was at least 0.2 mg/L of P added the total phytoplankton responded to
the N additions stepwise starting at 0.3 mg/L of N in Deer Creek and 0.8 mg/L of N in
Jordanelle. We found that it required at least 0.2 mg/L of SRP for the cyanobacteria to
experience to response, and with that P the cyanobacteria started responding when N reached 0.8
mg/L N. Thus, a nutrient threshold to maintain the reservoir at its current state would be 0.2
mg/L P and between 0.3 and 0.8 mg/L DIN. Similar thresholds were measured in the deep-water
Miyun Reservoir in China, 0.5 mg/L NO3- , 0.04 mg/L P (Zeng et al., 2016), but the Miyun
Reservoir nutrient thresholds were to elicit eutrophication, whereas, our thresholds were to elicit
any response.
There were several genera that were differentially abundant between the 5-day and the
10-day incubation. After 10 days of incubation, the total phytoplankton and cyanobacteria in the
incubation did change in both reservoirs with most of the significant and dominant species shifts
manifested in a reduction of species abundance through time. In Deer Creek, Psuedoanabaena
(Cyanobacteria) decreased in abundance from the five to ten days of incubation. The other
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cyanobacterial family that shifted over the five days was Cyanobiaceae. Cyanobiaceae seemed
to demonstrate a more P stress in our bioassay incubation as evidenced by their lesser abundance
after the 5-day incubation than the 10-day, suggesting that it is more susceptible to SRP
limitations in water bodies than Psuedoanabaena. While the bacterial competition for both N and
P are limited, Psuedoanabaena may possess a competitive advantage to assimilate N and P over
Cyanobiaceae once P is available (Acinas et al., 2009). Outside of cyanobacteria, there was an
increase of the class Actinobacteria, after the 10-day incubation. Actinobacteria utilizes high
amounts of P (Bond et al., 1999; Kong et al., 2005), which potentially allowed this species to
thrive once the P limitation was alleviated. In Jordanelle there were no cyanobacterial genera that
were differentially abundant between the two incubations times. However, there were four
genera that weren’t cyanobacteria. Three genera, Rheinheimera, Pseudomonas, and
Undibacterium, were more abundant after the 5-day incubation and one genus,
Haliscomenobacter, that was more abundant after the 10-day incubation.
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FIGURES

Fig. 1 Map of site areas for bimonthly sampling.
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Fig. 2 Cyanobacterial taxa in the Jordanelle and Deer Creek Reservoirs and the river sites below the
reservoirs. The number of taxa that have the potential to produce cyanotoxin are lower in the sites in the
Jordanelle river and just below the Jordanelle Dam than they are in or below Deer Creek. Taxa bar plot
showing the relative abundances of the genera of cyanobacteria to each other by site. Samples taken from
the top 20 cm of the water column in each of the sites. The genera that have the potential to produce
cyanotoxin are highlighted.
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Fig. 3 PCoA based on weighted unifrac distance taken from all of the monthly monitoring samples. The
Deer Creek sites include the Deer Creek reservoir and the river sites below, and the Jordanelle includes
the Jordanelle sites and the river sites below. Color is based on season and location.
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Fig. 4 Principle coordinate analysis plots based on weighted unifrac distances taken from the monthly
monitoring samples separated by site. The sites are broken down into the sample locations in Jordanelle
Reservoir with the river site below and in the Deer Creek reservoir with the river sites below. These plots
demonstrate grouping based on month and type of water body the sample was taken from.
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Fig. 5 Distribution of features that are differentially abundant at the genus level between the Reservoir
sites and the River sites downstream of the Jordanelle Reservoir. Values were generated using ANCOM
(Mandal et al. 2015) (via q2-composition).
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Fig. 6 Distribution of features that are differentially abundant at the genus level between the Reservoir
sites and the River sites downstream of the Deer Creek Reservoir. Values were generated using ANCOM
(Mandal et al. 2015) (via q2-composition).
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Fig. 7 Seasonal variation in the chlorophyll a and phycocyanin concentrations (g/L) in the upper 20 cm
of water. The sites are separated into Jordanelle, which includes the sites within the Jordanelle Reservoir
and the site just below the Jordanelle Dam, and Deer Creek, which includes all of the sites in the Deer
Creek Reservoir as well as the rivers sites below the Deer Creek Reservoir.
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Fig. 8 Seasonal variation in the soluble reactive phosphorus (A), nitrate (B), and ammonium (C)
concentrations (mg/L) in the upper 20 cm of water. The sites are separated into Jordanelle, which includes
the sites within the Jordanelle Reservoir and the site just below the Jordanelle Dam, and Deer Creek,
which includes all of the sites in the Deer Creek Reservoir as well as the rivers sites below the Deer Creek
Reservoir. None of these nutrient concentrations changed significantly through time.
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Fig. 9 Seasonal variation in the total phosphorus (A), total nitrogen (B)concentrations (mg/L), and the
total nitrogen to total phosphorus ratio (C) in the upper 20 cm of water. The sites are separated into
Jordanelle, which includes the sites within the Jordanelle Reservoir and the site just below the Jordanelle
Dam, and Deer Creek, which includes all of the sites in the Deer Creek Reservoir as well as the rivers
sites below the Deer Creek Reservoir. Total phosphorus concentrations changed significantly over time
(DF = 10, F value = 5.787, P value = 7.26e-05) in Deer Creek, but not in Jordanelle. Total nitrogen
changed over time in Jordanelle (Df=11, F value = 2.973, P value = 0.0485) and Deer Creek (Df = 10, F
value = 2.703, P value = 0.0263). TN:TP did not change over time.
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Fig. 10 Seasonal variation in the temperature (°C), specific conductivity (µs/cm), and pH in the upper 20
cm of water. The sites are separated into Jordanelle, which includes the sites within the Jordanelle
Reservoir and the site just below the Jordanelle Dam, and Deer Creek, which includes all of the sites in
the Deer Creek Reservoir as well as the rivers sites below the Deer Creek Reservoir. Values are from YSI
EXO2 sonde measurements.
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Fig. 11 Temporal variation in dissolved organic carbon (A), total organic carbon (B), optical dissolved
oxygen (C), and total dissolved solids (D). The measurements were taken on the top 20 cm of the water
column.
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Fig. 12 Chlorophyll a biomass response based on nitrogen and phosphorus treatments in the Deer Creek
and Jordanelle Reservoirs. Chlorophyll a was measured on YSI EXO2.
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Fig. 13 Phycocyanin biomass responses based on nitrogen and phosphorus treatments in the Deer Creek
and Jordanelle Reservoirs. Phycocyanin was measured on YSI EXO2.
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Fig. 14 Historical SRP and TP values from the Spring – Fall of 2010 - 2019 in the Deer Creek and
Jordanelle Reservoirs. The dotted line represents the threshold of phosphorus concentration calculated
from the bioassays, that would lead to an increase of total phytoplankton activity.
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Fig. 15 Principle coordinate analysis plots based on weighted unifrac distances of the nutrient treatments.
A. shows both reservoirs together B. Deer Creek Reservoir C. Jordanelle Reservoir.
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Fig. 16 Distribution of features that are differentially abundant at the genus level between the five- and
ten-day incubations in the Jordanelle Reservoir for the nutrient starvation bioassay. Values were
generated using ANCOM (Mandal et al. 2015) (via q2-composition).
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Fig. 17 Distribution of features that are differentially abundant at the genus level between the five- and
ten-day incubations in the Deer Creek Reservoir for the nutrient starvation bioassay. Values were
generated using ANCOM (Mandal et al. 2015) (via q2-composition).
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TABLES
Table 1. Concentration of N and P added during the bioassay for each treatment. The additions were

added in this amount daily for the duration of the 5- or 10-day incubation. NO3- was added as
KNO3, K2HPO4, and NaHCO3. After nutrients were added the cubitainers were homogenized
and returned to the water to incubate.

Treatment

PO4-P mg

NO3--N mg

Experiment

1

0.2

0

N

2

0.2

0.3

N

3

0.2

0.5

N

4

0.2

0.8

N

5

0.2

1

N

6

0

1

N

7

0

2

P

8

0.02

2

P

9

0.04

2

P

10

0.06

2

P

11

0.08

2

P

12

0.08

0

P

13

0

0

NP
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Table 2.Primers and probes for cyanobacteria 16S and toxin gene amplification.

Toxin
Gene
16S
Anatoxin
Saxitoxin
Cylindro
spermop
sin
McyE
MC
McyE AB

F Sequence

R Sequence

Probe

AGCCACACTGG
GACTGAGACA
ATCTGGTATTC
AGTCCCCTCTA
TTC
TGGCGTGTATT
CCATGTCGG
CAGATCGCCCC
ATCAAAGAGG

TCGCCCATTGC
GGAAA
GGGAATATGCA
CCATCAACTGA

[6FAM]AGACTCCTACGGGAGG
CAGCAGT [BHQ1]
[6FAM]AGAACCATTTTGTTTGC
GGGTGAAGTTTT [BHQ1]

CCGTAAGGCAT
ATCGCTGCT
GGCAGAACATA
GGCATCTCATC
G
CGGAATGCCCA ATTTGATTATG
GTGCTTATC
GACAACTTGAC
GGG
ACAAATGCAAC AGCGACTCGTT
ACGGAATTGGT CTACACCTG

[HEX]CAGCTTACGTGCGTCTGG
CAAAAGAG [BHQ1]
[Cyanine5]CTCTTCATGGATAAC
GGTTGGCAATTCATCG [BHQ2]

McyE Os CGGACATTCTC
TGATGCTTTCG

AAACGGCTAAT
CCGGCAATG
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[6FAM]TGAAAATGCCTTTCAAC
AGTTAATTCAACGCCATGAAA
[BHQ1]
[Cyanine5]GGAATGCAGTCTAAT
ATTGCAGCAGAAACAGCT
[BHQ2]
[HEX]TAACCCACGTTCATAAAG
AATTAAATGTATCGGTAAAATT
GGC [BHQ1]

Table 3. PERMANOVA results from bimonthly monitoring.

Season was the greatest driving factor in bacterial community composition the results from
the PERMANOVA model evaluating the weighted unifrac distance against the month,
location, and type (whether it is a river or a reservoir) from our bimonthly sample along the
middle Provo and in the Deer Creek and Jordanelle Reservoirs.

Variable
Season
Location
Type

R2

P value
.001*
0.236
0.276

0.07092
0.0313
0.01559
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df
3
3
1

Table 4. PERMANOVA results for the bimonthly monitoring data split by location. In both reservoirs

there was a significant difference in the weighted unifrac distance between at least one of the
months and in Deer Creek there was a significant difference in the type of water that was being
sampled. The results from the PERMANOVA model evaluating the weighted unifrac distance
against the season and type (whether it is a river or a reservoir) from our bimonthly sample along
the middle Provo and in the Deer Creek and Jordanelle Reservoirs. The two sampling locations
have been separated into Jordanelle which includes all of the sites in the Jordanelle Reservoir as
well as the Provo river site just below the Jordanelle Reservoir and all of the sites inside of the
Deer Creek Reservoir including the Provo rivers sites below the Deer Creek Reservoir.

Location
Jordanelle
Deer Creek

Variable
Season
Type
Season
Type

P value
.002*
0.885
.050*
.001*

57

R2

0.16947
0.01411
0.08071
0.08740

df
3
1
3
1

Table 5. Tukey HSD results from the ANOVA model chlorophyll a ~ Site + Month + Site * Month.

Only the months with a significant P value are included. Deer Creek includes all of the sites on
the Deer Creek Reservoir and the two river sites below Deer Creek.

Location

Months

Deer Creek Feb-Jan

Difference

P value

-27.25893524 0.0082034

May-Jan

-22.34722267 0.0246328

Jun-Jan

-33.71035670 0.0002974

Jul-Jan

-21.49349147 0.0149151

Aug-Jan

-27.28901886 0.0043902

Sep-Jan

-26.26555074 0.0062735

Oct-Jan

-20.27284624 0.0501289

Jun-Mar

-21.10544545 0.0137124

Jun-Apr

-18.77873438 0.0343788

Nov-Jun

25.07329895

0.0015643

Nov-Aug 18.65196112

0.0361225

Nov-Sep

0.0536585

17.62849300
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Table 6. Summary results from repeated measures ANOVA evaluating chlorophyll a and phycocyanin
over time and throughout the different sites in the Jordanelle and Deer Creek locations.

Location Pigment
Jordanelle Chlorophyll a
Phycocyanin

Deer Creek

Variable

F value

Site
Month
Site
Month
Site
Month

.335
.759
.540
.759
.140
.194

59

P value
.801
.657
.668
.657
.965
.999

df

3
9
3
9
4
10

Table 7 : Repeated measures ANOVA for nutrient data split between the Deer Creek and Jordanelle
locations. Including the river sites below the reservoirs.

Location Parameter
Deer Creek NO3
Site
Month
Site:Month
Residuals
NH4
Site
Month
Site:Month
Residuals
SRP
Site
Month
Site:Month
Residuals
DIN:SRP Site
Month
Site:Month
Residuals
TN
Site
Month
Site:Month
Residuals
TP
Site
Month
Site:Month
Residuals
TN:TP
Site
Month
Site:Month
Residuals
Jordanelle NO3
Site
Month
Site:Month
Residuals
NH4
Site
Month
Site:Month
Residuals
SRP
Site
Month
Site:Month
Residuals
DIN:SRP Site
Month
Site:Month

Df
4
10
23
37
4
10
23
37
4
10
23
37
4
10
23
37
4
10
18
21
4
10
19
31
4
10
18
21
3
11
18
32
3
11
18
32
3
11
18
31
3
11
18

Sum Sq
0.47
0.803
0.781
3.609
0.0372
0.0657
0.2064
0.6402
0.00642
0.01467
0.01707
0.04023
5.29E-08
1.07E-06
1.98E-07
7.76E-07
0.06519
0.25011
0.07277
0.19429
0.001885
0.023623
0.003338
0.012655
4749
71900
24007
66926
0.0249
0.0881
0.0149
0.1561
0.00947
0.05275
0.05172
0.09622
0.2495
0.3619
1.2433
1.8976
2.90E-08
6.06E-07
3.30E-07
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Mean Sq
0.11749
0.08032
0.03395
0.09755
0.009289
0.006571
0.008975
0.017303
0.0016048
0.0014674
0.0007421
0.0011832
1.32E-08
1.07E-07
8.59E-09
2.10E-08
0.016297
0.025011
0.004043
0.009252
0.0004713
0.0023623
0.0001757
0.0004082
1187
7190
1334
3187
0.0083
0.008009
0.000828
0.004877
0.003157
0.004795
0.002874
0.003007
0.08316
0.0329
0.06907
0.06121
9.65E-09
5.51E-08
1.83E-08

F value Pr(>F)
1.204
0.325
0.823
0.609
0.348
0.995
0.537
0.38
0.519

0.71
0.948
0.95

1.356
1.24
0.627

0.27
0.302
0.878

0.63
5.085
0.41

0.644026
0.000119
0.986708

1.761
2.703
0.437

0.1744
0.0263
0.9595

1.155
5.787
0.43

0.35
7.26E-05
0.971

0.373
2.256
0.419

0.8255
0.0559
0.9666

1.702
1.642
0.17

0.186
0.134
1

1.05
1.595
0.956

0.384
0.148
0.527

1.359
0.537
1.128

0.274
0.862
0.373

0.373
2.256
0.419

0.8255
0.0559
0.9666

TN

TP

TN:TP

Residuals
Site
Month
Site:Month
Residuals
Site
Month
Site:Month
Residuals
Site
Month
Site:Month
Residuals

32
3
11
18
10
3
11
18
24
3
11
18
10

1.23E-06
0.2066
0.7366
1.4115
0.2252
0.0047
0.02942
0.03085
0.18216
46859
309251
226774
494918
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3.85E-08
0.06885
0.06696
0.07842
0.02252
0.001567
0.002675
0.001714
0.00759
15620
28114
12599
49492

3.057
2.973
3.482

0.0784
0.0485
0.0243

0.206
0.352
0.226

0.891
0.963
0.999

0.316
0.568
0.255

0.814
0.816
0.994

Table 8. Results from the PERMANOVA model evaluating the weighted unifrac distance against the
Treatments, Incubation time, and Location for the bioassay.

Variable
Treatment
Incubation Time
Location

R2

P value

.08833
.08970
.12026

.743
.001
.001

62

df

12
1
1

